We report a broadband polarization-independent wavelength conversion by reducing the dispersion discrepancy between the fundamental transverse electric (TE) and transverse magnetic (TM) modes in a silicon nanowire waveguide, through optimizing of the waveguide geometry. The size of the waveguide is optimized to 780 nm × 795 nm (height × width) to ensure that the TE and TM zero-dispersion wavelengths locate at ∼1550 nm, and the group velocity dispersion difference between the TE and TM modes is less than 33 ps∕nm · km in the wavelength range of 1300-1800 nm. Based on an angled-polarization pumped four-wave mixing scheme, a 1 dB polarizationindependent bandwidth of 400 nm is achieved in a 0.8 cm-long optimized waveguide when the pump is set at 1553 nm. The tolerance to the pump angle detuning is also strengthened in the optimized waveguide.
INTRODUCTION
Wavelength conversion is an essential operation in wavelength division multiplexing optical communication systems, utilized in order to avoid traffic jams at the interconnect nodes [1] . Different from the traditional nonlinear media such as nonlinear crystals, highly nonlinear fibers, and semiconductor optical amplifiers, silicon waveguides based on silicon-oninsulator (SOI) technologies have been considered to be the promising media for integrated wavelength converters in the next generation optical communication system, due to the excellent integration performance and the high nonlinear Kerr coefficient [2] [3] [4] [5] . Four-wave mixing (FWM) in silicon waveguides provides the possibility to realize integrated wavelength converters. The wavelength conversion function has been realized based on coherent anti-Stokes Raman scattering [6, 7] but the signal and converted waves cannot be in the same telecommunication band and the conversion bandwidth is limited [7] . Using nonresonant FWM effect in silicon waveguides, wavelength conversion has been theoretically analyzed [8] and experimentally demonstrated [9] . As we know, FWM-based wavelength conversion is tightly related to the group velocity dispersion (GVD) in the nonlinear medium [10] . Some efforts have been made to enhance the conversion bandwidth by reducing the phase mismatch in a broader wavelength region through optimizing the waveguide geometry [11, 12] , or designing special waveguide structures [13] to engineer the GVD of the used silicon waveguides. In addition, it has also been demonstrated that the conversion bandwidth can be enhanced by introducing two-pump FWM regimes [14, 15] . Another important figure of merit is the conversion efficiency, which is critical due to the nonlinear losses caused by two-photon absorption and free-carrier absorption. Some efforts have also been made to improve the conversion efficiency, such as reducing the effective mode area by use of slot waveguide structures [16] or using the field enhancement effect in microring resonators [17] .
Besides conversion bandwidth and efficiency, polarization dependency is also necessary to be considered. In previous contributions, the polarization dependency of silicon's nonlinearity has been discussed by experimentally characterizing the anisotropy of two-photon absorption and the Kerr coefficients in the near infrared region using the z-scan technique [5] . A vectorial nonlinear propagation theory has also been developed to describe the nonlinear propagation of optical pulses through silicon waveguides [18] . Since FWM-based wavelength conversion is tightly related to the state of polarization of the input signal with respect to the pump and particularly, no converted signal can be generated if they are polarized orthogonally, the incident waves are generally assumed to be identically polarized. In the past, we have proposed a polarization-independent wavelength conversion scheme in a silicon waveguide with an angle-polarization pump and a polarization-independent bandwidth of 64 nm has been achieved under the efficiency fluctuation of 1 dB [19] . It was also shown that the polarization-independent bandwidth was limited by the larger one of the transverse electric (TE) and transverse magnetic (TM) phase mismatches, and the polarization-independent bandwidth would be no wider than the narrower one of the TE-and TM-mode bandwidths. Therefore, if both the TE and TM GVD values in the 1550 nm band are reduced and their discrepancy is also reduced simultaneously, a larger polarization-independent bandwidth can be expected.
In this paper, we optimize the silicon waveguide geometry to engineer the TE and TM dispersion profiles with the aim to achieve low and flat dispersions, as well as a small dispersion discrepancy between the fundamental TE and TM modes. This is done in order to further enhance the polarization-independent conversion bandwidth. The principle of the dispersion profiles is investigated and an optimized waveguide is achieved to provide flat and almost identical dispersions for the TE and TM modes with their zero-dispersion wavelengths (ZDWs) at 1550 nm. Using a 0.8 cm long optimized waveguide, a 1 dB polarization-independent conversion bandwidth of 400 nm is achieved with a pump wavelength of 1553 nm.
OPTIMIZATION OF THE SILICON WAVEGUIDE GEOMETRY
The inset in Fig. 1 shows the structure of the simulated channel SOI waveguide with entire etching. One can get the effective refractive indices of the fundamental TE and TM modes at given wavelengths. The GVD values then can be calculated by the finite difference method. Since the waveguide GVD values relay on the geometric parameters, the total dispersion profiles can be tuned by changing the waveguide height h and width w. Figure 1 shows the GVD values of the fundamental TE and TM modes for three silicon waveguides with different geometries, 500 nm × 600 nm, 600 nm × 600 nm, and 600 nm × 500 nm (height × width). It is shown that the variation of the waveguide width w affects the GVD value of the TE mode significantly, while the GVD profile of the TM mode is more easily changed by the waveguide height h. Furthermore, the GVD difference between the TE and TM modes depends on the waveguide height-to-width ratio r. For the 500 nm × 600 nm (r 0.83) and 600 nm × 500 nm (r 1.2) waveguides, the average GVD discrepancies in the 1300-1800 nm wavelength region are 364 and 686 ps∕nm · km, respectively. For the 600 nm × 600 nm (r 1.0) waveguide, the GVD difference is reduced to 114 ps∕nm · km, which indicates that smaller GVD discrepancy can be achieved when the waveguide height and width are almost equal, that is, the height-to-width ratio r 1.0.
Since the GVD discrepancy is closely related to the heightto-width ratio, Fig. 2 (a) simulates the GVD values at 1550 nm for both the fundamental TE and TM modes when the waveguide width w changes from 400 to 900 nm with several different height-to-width ratios of r 0.9, 1.0, and 1.1, respectively. One can see that the TE and TM GVD values mainly decrease as the waveguide width increases when the height-to-width ratio is fixed. Take r 1.0 as an example, the GVD value at 1550 nm drops from 2250 to −80 ps∕nm · km for the TE mode and from 1400 to −70 ps∕nm · km for the TM mode. The ZDWs for both modes can be obtained at 1550 nm when the waveguide width is around 800 nm. Figure 3 (b) shows that the GVD discrepancy value between the two modes as the waveguide width varies. The discrepancy values can be reduced as the waveguide width increases. For example, when r 0.9, the GVD offset first drops from 594 to −130 ps∕nm · km when the waveguide width increases from 400 to 575 nm, and then it increases to −46 ps∕nm · km when the waveguide width reaches 900 nm. When r 1.0 or 1.1, this value just drops from 773 to 23 ps∕nm · km or from 1082 to 85 ps∕nm · km. In Figs. 2(a) and 2(b), one can see that when the waveguide width is around 800 nm, the TE and TM GVD values both reach zero and their difference is relatively small for the waveguides with almost equal width and height.
Besides the GVD values, the dispersion slope, which is defined as the first partial derivative of the GVD coefficient to the wavelength, also affects the phase-matching condition of the FWM effect in silicon waveguides [16] . Figure 3 shows the dispersion slopes at 1550 nm of the two polarization Air 500x600 nm TE 600x600 nm TE 600x500 nm TE 500x600 nm TM 600x600 nm TM 600x500 nm TM Fig. 1 . (Color online) GVD profiles for the TE and TM modes in three silicon waveguides: 500 nm × 600 nm, 600 nm × 600 nm, and 600 nm × 500 nm. The inset shows the silicon waveguide structure. modes and their slope difference as the waveguide width varies for the three height-to-width ratios. In Fig. 3(a) , the dispersion slopes firstly increase and then decrease and converge to about 2.7 ps∕nm 2 · km as the waveguide width increases. As shown in Fig. 3(b) , the slope differences between the TE and TM modes also change with the waveguide width. When the height-to-width ratios are 0.9, 1.0, and 1.1, every slope difference decreases as the waveguide width increases. For example, the slope discrepancy reaches 0.041 ps∕nm 2 · km) when the waveguide width is 900 nm.
From Figs. 2 and 3 , one can see that the GVD profiles for the fundamental TE and TM modes become almost identical as the waveguide width increases when the waveguide width and height are set to be almost equal and the ZDWs can also be tuned to the C-band. Figure 4 shows the GVD difference between the TE and TM modes at 1550 nm corresponding to different waveguide dimensions, where the waveguide width and height are scanned with a step of 4 nm. The solid curve (green) shows the waveguide geometries with the same TE and TM GVD values, that is, zero GVD differences. The dashed (red) and dotted (blue) curves show the waveguide geometries whose ZDWs are at 1550 nm for TE and TM modes, respectively. The intersection of the three curves indicates the waveguide geometry whose TE and TM GVD values are equal and the ZDWs for both modes can be simultaneously tuned to 1550 nm. The waveguide height and width can be obtained as 780 and 795 nm, which can be considered as the optimal solution for the polarization-independent wavelength conversion to acquire a broad conversion bandwidth. For the 780 nm × 795 nm silicon waveguide, the effective refractive indices and the GVD values for the TE and TM modes are simulated as functions of the wavelength, as shown in Fig. 5 . Also, the insets show their mode distributions. One can see that the TE and TM GVD curves remain almost the same in a broad wavelength range for our optimized waveguide, with a maximum GVD discrepancy of only 33 ps∕nm · km in the wavelength range from 1300 to 1800 nm. This is promising to improve the performance of the polarization-independent wavelength conversion.
EVALUATION OF THE POLARIZATION-INDEPENDENT WAVELENGTH CONVERSION
In this section, we will evaluate the performance of the polarization-independent wavelength conversion using this optimized silicon waveguide. Our simulation is based on the angle-polarization pumped polarization-independent wavelength conversion scheme [19] . In this method, the polarization state of the incident pump has an angle θ p to the TE axis of the silicon waveguide. The incident pump and signal are both decomposed to the TE and TM modes. By optimizing the incident pump polarization angle θ p , one can obtain stable conversion efficiency regardless of the polarization state of the incident signal, which means polarization-independent wavelength conversion. In [19] , the 1 dB polarizationindependent conversion bandwidth is defined as the wavelength region whose efficiency fluctuation is no more than 1 dB as the signal polarization state varies arbitrarily and the polarization-independent bandwidth is calculated to be 64 nm in 285 nm × 650 nm silicon waveguide. To simulate the polarization-independent performance in the optimized 780 nm × 795 nm silicon waveguide, the parameters are set as follows [3, 4] : the linear propagation losses are α Lin-TE 2.5 dB∕cm and α Lin-TM 2 dB∕cm, the two-photon absorption (TPA) coefficients are β TPA-TE 0.5 cm∕GW and β TPA-TM 0.44 cm∕GW, the FCA cross section is σ 1.45 × 10 −17 cm 2 , the carrier lifetime is τ eff 2.5 ns, and the nonlinear index coefficients are n 2-TE 9 × 10 −18 m 2 ∕W and n 2-TM 7.9 × 10 −18 m 2 ∕W [5] . The effective mode areas of the TE and TM modes in the 780 nm × 795 nm waveguide are calculated to be A eff-TE 0.3217 μm 2 and A eff-TM 0.3316 μm 2 , respectively. The coupling efficiencies of the TE and TM modes are C TE 0.17103 and C TM 0.17192 with a ratio of C TE ∕C TM 0.99485. Figure 6 shows the pump polarization angle θ p (required to realize exact polarization-independent wavelength conversion) as a function of the signal wavelength when the pump power and wavelength are assumed to be P p0 100 mW with a power intensity of nearly 3 × 10 11 W∕m 2 and λ p 1553 nm. The pump angle θ p first decreases and then increases as the signal wavelength varies from 1500 to 1600 nm with a minimum of 45.45°at 1553 nm and a dynamic range of 0.13°. The average value of the pump angle in this wavelength window is calculated to be 45.448°, which can be regarded as the optimized value of the incident 1553 nm pump polarization angle. After determining the pump polarization angle θ p , the conversion efficiency can be calculated as the signal wavelength changes arbitrarily. Since the pump polarization angle is adopted as an average value, a little polarization dependency will still remain for most signal wavelengths [19] . As a result, the conversion efficiency varies in a certain interval as the incident signal angle changes arbitrarily for a given signal wavelength. The efficiency fluctuation can be defined as the difference between the maximum and minimum conversion efficiencies for each signal wavelength. The smaller the efficiency fluctuation, the better the polarization-independent performance is. The shaded region of Fig. 7 indicates where the conversion efficiency possibly exists with an arbitrary signal polarization state when the pump and signal powers are set to be 100 and 1 mW. Furthermore, Fig. 7 also shows the value of the efficiency fluctuation as a function of the signal wavelength in a 0.8 cm-long waveguide. In Fig. 7 , the 1 dB polarization-independent bandwidth is read out to be 400 nm, which is much broader than that in a 300 nm × 500 nm channel waveguide (61 nm) [19] . It indicates that the performance of the polarization-independent wavelength conversion can be improved by optimizing the dispersion characteristics of the silicon waveguide.
Above simulations are based on the fundamental modes of the used SOI waveguide by optimizing the GVD characteristics. Actually, the waveguide cross section is relatively large and thus high-order modes also have the possibility to be excited. Fortunately, the refractive indices and the GVD profiles for the high-order modes are quite different from the fundamental mode. Since the waveguide GVD is optimized to eliminate the phase mismatch for the fundamental modes, the phase mismatches for the FWM processes among high-order modes are large and the FWM efficiency is low enough to be ignored. Figure 8 shows the required pump angle (average value in the 1530-1570 nm range) and the 1 dB polarization-independent bandwidth for different pump wavelengths in the optimized 780 nm × 795 nm silicon waveguide and also in the 300 nm × 500 nm waveguide, where their lengths are both 0.8 cm. One can see that the required pump polarization angle θ p varies with the pump wavelength in both waveguides. However, the dynamic range of θ p in the 780 nm × 795 nm waveguide is only 0.03°[see Fig. 8(a) ], while it reaches 6.97°in the 300 nm × 500 nm waveguide [see Fig. 8(b) ]. This means that the incident pump angle in the optimized waveguide is very insensitive to the pump wavelength. Thus for convenience one can even consider the pump angle as a constant. However, it has to be tuned according to the pump wavelength in a waveguide without optimization. Figure 8 also shows the 1 dB polarization-inpendent conversion bandwidth as the pump wavelength varies for the two silicon waveguides. The bandwidth in the optimized 780 nm × 795 nm waveguide is much broader than that in the 300 nm × 500 nm waveguide. Also, the polarization-independent bandwidth can be broadened when the pump wavelength is in the anomalous dispersion region near the ZDW. For example, the bandwidth reaches 400 nm when the pump wavelength is set at 1553 nm for the optimized waveguide. For the 300 nm × 500 nm waveguide, it can also reach 84 nm when the pump wavelength is set at 1547 nm. The average efficiency fluctuation for the 1530-1570 nm signal wavelength range is also calculated as the pump angle detunes from the determined value in the optimized waveguide (780 nm × 795 nm) in comparison to the 300 nm × 500 nm waveguide. Figure 9 shows the average fluctuation versus the pump angle detuning for the two waveguides. The average fluctuation value is mainly proportional to the absolute value of the pump angle detuning. However, the fluctuation is much smaller in the optimized waveguide. It is 0.78 or 0.39 dB smaller in the optimized waveguide when the pump angle detunes −5°or 5°. It is demonstrated that the optimization of the waveguide geometry is beneficial for improving the tolerance to incident pump angle, which can effectively reduce the required precision of the pump angle control.
CONCLUSION
In this paper, the dispersion profiles of a silicon waveguide have been optimized for both the TE and TM modes. The optimized waveguide geometry, 780 nm × 795 nm, is obtained to realize flat and low dispersions for the TE and TM modes, low-dispersion-discrepancy between the two modes, as well as almost the same ZDW at 1550 nm. The required pump polarization angle for polarization-independent wavelength conversion is calculated. Using the optimized silicon waveguide, a polarization-independent bandwidth of 400 nm can be obtained by setting the pump at 1553 nm. The polarization-independent wavelength conversion also shows stronger tolerance to the pump angle detuning in the optimized waveguide. 
